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The paper reports the synthesis of an explosive peroxide using sodium perborate (SPB) and sodium percarbonate 
(SPC) as alternatives to hydrogen peroxide, a well-known explosives precursor. It has been reported that the 
oxidising agents used in the synthesis can replace hydrogen peroxide in some reactions. Consequently, we tried 
to assess the threat of using those substances being used for the unlawful manufacture of explosive peroxides. 
We have found that both SPB and SPC, allow producing the explosive peroxides with good yields and purity, as 
confirmed by 1H NMR and IR spectroscopy, as well as by HPLC and controlled burning experiments. 


1. Introduction 


The criminal use of explosives, both in large-scale (e.g. terrorist 
bombings) [1,2] and small-scale (e,g. recent use of explosives in au- 
tomated teller machine robberies) [3-5] is a global and persisting is- 
sue. Forensic investigations reveal that criminals have been departing 
from the use of unlawfully procured classical explosives (e.g. dyna- 
mites) in favour of improvised explosives, particularly explosive per- 
oxides (Fig. 1). 

Detailed instructions and videos on the synthesis of explosive perox- 
ides are widely available. This availability makes synthesis of explosive 
peroxides feasible even for non-specialists lacking both training and lab- 
ware, as explosive peroxides can be produced using commonly available 
substances — explosives precursors. 

The issue of the public availability of explosives precursors has long 
since been recognised by legislators, as seen by the adoption on the 
EU Regulation no. 2019/1148 on the marketing and use of explosives 
precursors [6]. 

It should be noted, however, that the term “explosives precursor” is 
used legally in reference to a closed catalogue of, high-risk” substances, 
which are either restricted for the common citizen (Annex I) or whose 
purchase should be reported (Annex II). This use has no consideration 
for the chemical properties of the substances or even for the role those 
substances play in the the fabrication of improvised explosive devices 
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Fig. 1. Chemical structures of explosive peroxides most commonly used in un- 
lawful activities: Acetone peroxide dimer (DADP) and trimer (TATP), methyl 
ethyl ketone peroxide (MEKP), hexamethylene triperoxide diamine (HMTD). 


(IEDs), as components of explosive mixtures (e.g. perchlorates, mag- 
nesium and aluminium powders) are listed side-by-side with reagents 
(e.g. nitric acid, sulfuric acid) required for the synthesis of explosive 
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Table 1 
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Properties of the most common peroxide explosives compared to lead azide. 


Reagent TATP (dimer) TATP (trimer) Lead azide HMTD 
Empirical formula C6Hj204 CoH g0¢ PbN, CgH2N20¢ 
Density (g/cm?) 1.336 1.272 4.8 1.57 
Detonation velocity (m/s) 6773 6168 4600-5100 4500 
Impact sensitivity (J) 1.4 0.3 2.5-4 0.6 
Friction sensitivity (N) 1 0.1 0.1-1 0.1 
OH 
Na J 
POH 
o—o~/ 
Na Lo—o 
Ho-P 
HO 
SPB SPC 


Fig. 2. Spatial structures of a) M-HMTD (D, symmetry); b) P-HMTD (D, sym- 
metry). Reprinted with permission from Wierzbicki et al. [8]. Copyright 2001 
American Chemical Society. 


compounds. Herein, we include both SPB and SPC within the scope of 
“explosives precursors” in order to highlight the possibility of those sub- 
stances being used to produce IEDs, rather than in a legal context. 

The abovementioned Regulation 2019/1148 is the successor of a 
previous Regulation 98/2013, which did not include a number of sub- 
stances used in civilian pyrotechnics. The new Regulation has been de- 
veloped to resolve this “security breach” via amending the lists of high- 
risk substances and fortifying the relevant supply chains against unlaw- 
ful actions by unlicensed individuals, aimed at obtaining substances re- 
quired for the manufacture of IEDs. 

The problem of abuse of chemical substances used as explosive pre- 
cursors stems from their high availability to the average user. Hexam- 
ethylene diamine triperoxide (HMTD) is one of the well-known explo- 
sive compounds that are commonly produced unlawfully from explosive 
precursors. Its structure features a bridgehead nitrogen atom and a cage- 
like heterocyclic system [7] (Fig. 2). 

M-HMTD is the more stable structure of the molecule and is helically 
chiral, having D3 symmetry [8]. HMTD, as well as triacetone triperox- 
ide are both considered to be extremely dangerous initiating explosives. 
The following table shows selected properties of the abovementioned 
compounds with relation to lead azide (Table 1) [9-11]: 

The most common synthetic route for HMTD involves hexam- 
ethylenetetramine (HMT), hydrogen peroxide and citric acid as reagents 
[2,7]. HMTD decomposes slowly over time, with UV irradiation and 
heat significantly accelerating this process. This decomposition can be 
limited by storing HMTD under water. which also reduces the risk of 
explosion [12]. 

Acetone peroxide (AP or TATP when referring to the most common 
form, triacetone triperoxide) is another well-known explosive peroxide. 
This compound is produced from acetone, which is converted into the 
peroxide by e.g. hydrogen peroxide in the presence of sulfuric acid. This 
synthesis method yields a variety of different oligomers - the dimer, 
trimer and tetramer are all present in the post-reaction mixture. Al- 
though acetone peroxide can exist in the form of a monomer and it 
readily undergoes oligomerisation to one of the more thermodynami- 
cally stable oligomers. The dimeric form, diacetone diperoxide (DADP), 
can be synthesised by treating acetone with a solution of Caro’s acid 
(H,SO5) in diethyl ether [13]. The dimer is usually produced only as a 
by-product during the synthesis of the trimeric form. 
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Fig. 3. Chemical structures of hydrogen peroxide alternatives: SPC and SPC. 


The synthesis of trimeric acetone peroxide (TATP) is conducted by 
treating acetone with concentrated (30-50% w/w) hydrogen peroxide in 
an acidic environment. Typically, sulfuric acid is used as the acidifying 
agent, but hydrochloric, nitric, perchloric, formic, acetic, citric, tartaric, 
oxalic and ascorbic acids have also been reported to be employed for 
this synthesis [14]. TATP is insoluble in water, but dissolves in chloro- 
form, toluene, acetone and hexane [15]. TATP can adopt either of two 
stable conformational structures: the D3 symmetric “twist-boat-chair” 
and the Cy symmetric “twist-chair-chair”, between which a transition 
energy difference equal to 26.3 kcal/mol has been reported, preventing 
TATP from being represented as a single structure [16,17]. The use of 
both different acidifying agents for the synthesis of TATP and different 
solvents for recrystallization can result in TATP, whose crystals exhibit 
different crystallographic forms [7]. 

The tetramer (TrATrP) is the most stable of acetone peroxide 
oligomers and can be synthesized in a procedure similar to the syn- 
thesis of the trimer, provided that tin(IV) chloride is used as a catalyst 
[18]. The explosive peroxides are typically reported as synthesized with 
the use of hydrogen peroxide. Hydrogen peroxide may, however, be re- 
placed in many organic chemistry reactions by other compounds, such 
as SPB or SPC [19]. This use of alternative substances is well exemplified 
by reactions that require anhydrous peroxides or strongly concentrated 
peroxides, in which it is not feasible to use hydrogen peroxide [20]. 
Consequently, it is justified to consider that such substances may also 
be used to produce the abovementioned explosive peroxides. Although 
it is listed in the EU Regulation, there are literature reports about the 
possibility of replacing it by alternative compounds - perborates and 
carbonate peroxyhydrates, which are not listed in the Regulation and 
are widely available in pure form without any control by many sup- 
pliers. It should be noted here that carbonate peroxyhydrates are often 
referred to as “percarbonates” and we will refer to them as such herein, 
even though the name is also used to refer to peroxycarbonates, which 
are a different class of compounds. These compounds are most com- 
monly used as their sodium salts, due to their high solubility in water 
(Fig. 3). Alarmingly, sodium percarbonate in its pure form is available 
without any supervision from a number of suppliers. This wide commer- 
cial application makes them readily available to any unlawful parties, 
potentially in large amounts. 

The key issue is the fact that these substances when dissolved in wa- 
ter or treated with acid, release hydrogen peroxide, although the con- 


K. Pawlus, M. Kwiatkowski, A. Stolarczyk et al. 


Table 2 
Examples of terrorist attacks using different types of weapons: TATP, 
HMTD, PETN, ANFO. 


Name of terrorist attack Date Type of weapon 
Richard Reid Shoe bomb 22.12.2001 TATP. PETN 
London bombings 07.07.2005 TATP 

London bombings 21.07.2005 TATP 
Vollsmose 05.08.2006 TATP, Ammonium nitrate 
Transatlantic airlines plot 28.08.2006 HMTD 

Glasvej case 17.08.2007 TATP 

Andrew Ibrahim 29.04.2008 HMTD 
Underwear bomber 25.12.2009 TATP, PETN 
Doukajev 10.08.2010 TATP 

France Plot Marignane 14.03.2013 TATP, ANFO 
Paris attacks 13.11.2015 TATP 

NY/NY pipe bomb incidents 17-19.10.2016 HMTD 


centration achieved may be relatively low [13]. When these substances 
are dissolved in water, they produce an alkaline solution. 

Sodium perborate is used as an oxidising agent (similar to SPC) in 
many organic syntheses, for instance in oxidation of aliphatic and aro- 
matic amines or epoxidation of quinines. It occurs in two commercially 
available forms: NaBO306xH,0, known as the ’monohydrate’ (for which 
x=1) and the ’tetrahydrate’ (for which x=4) [21]. 

Both SPB and SPC are widely used in the cosmetics industry, food 
industry and as household cleaning products, such as laundry deter- 
gents, bleaching agents, disinfectants, as well as components of fertil- 
izers. The relatively easy method of synthesis abovementioned perox- 
ides means that they are called ‘improvised explosives’. As such, these 
compounds are often produced by terrorists or other criminals illegally 
at home. “Home-made explosives” are the main tool used in terrorist 
attacks, and have therefore seen a significant increase mainly in Europe 
[1]. A planned, prepared and carried out attack is considered a terrorist 
plot. One of the most popular methods of carrying out terrorist attacks is 
their implementation in crowded places, large groups of people mainly 
in larger cities. It has been estimated that between 1994 and 2013 as 
many as 122 attacks were carried out in Europe and many of them indi- 
cate the use of mainly TATP or HMTD as the main explosive [1]. Since 
2001, there has been a significant increase in the involvement of organic 
peroxide-based explosive mixtures, also called high-grade explosives, in 
terrorist attacks, as shown in (Table 2) [1,8,9]. 

An altogether different issue is that for the preparation of explosives, 
some of the listed high-risk substances can be easily replaced by other 
substances. Consequently the identification of new (or unlisted, as may 
be the case) EPs and the study of the threat posed by them is a subject 
of great significance. In the aforementioned case of peroxide explosives, 
hydrogen peroxide is a key precursor in their synthesis [13,22]. 

Another issue is the detection of the peroxides discussed. This is 
particularly relevant in light of the difficulty of detecting explosive 
peroxides, such as HMTD, as its low vapour pressure (3.9 x 10-7 atm) 
[23] and high thermal stability, significantly hinders many detection 
methods that oxidising agent make use of the volatility of the anal- 
ysed substances [24]. Moreover, since HMTD does not contain nitro 
groups, metal ions or aromatic rings in its structure, the use of tradi- 
tional explosive detection methods is also ineffective in this case. Si- 
multaneously, the absence of chromophoric groups in the HMTD struc- 
ture does not allow for conventional photometric detection. On the other 
hand, the compound readily degrades under ambient conditions, and the 
volatile products produced during this process, may allow its detection 
for instance N,N’-dimethylformamide, N,N’-methylenebis(formamide), 
trimethylamine, and hexamine [23]. 

The methods for the detection of HMT peroxide are mainly based on 
its decomposition reaction with acid or UV radiation, resulting in the 
release of hydrogen peroxide, which is the main oxidising component 
in the reaction of formation of electrochemically active molecules. Com- 
monly known methods use gas chromatography (GC) with chemilumi- 
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nescence detection, mass spectrometry (MS) or electron capture detec- 
tion (ECD). However, the most commonly employed detection method is 
ion mobility spectrometry (IMS), because of its high sensitivity in detect- 
ing low volatile substances. However, this method is a contact method, 
i.e. it requires the sample to be collected from the contaminated surface 
and introduced into the detector, what can be hazardous for samples 
with increased sensitivity [23]. In an effort to improve the detection 
capability of HMTD, a dopant-assisted positive photoionization ion mo- 
bility spectrometer (DAPP-IMS) was further developed based on a non- 
radioactive ionization source, i.e., a vacuum tube (VUV), using acetone, 
toluene, and 2-butanone as dopants [2]. These methods, however are 
poorly suited to on-site testing and typically are not readily approach- 
able by a non-specialist [25]. This difficulty in identifying HMTD has 
contributed to unlawful parties becoming increasingly interested in this 
compound, particularly with the intent to conduct acts of terrorism [2]. 

Unlike HMTD, TATP has a higher vapour pressure (6.31 x 10° atm). 
which contributes to its increased detectability by conventional meth- 
ods [23]. Methods are described identification of TATP by FTIR, Raman 
and Liquid Chromatography coupled with liquid chromatography-mass 
spectrometry (LC/MS) [26-28]. However, this does not allow perform- 
ing a rapid analysis of a given compound. One of the innovative meth- 
ods for rapid TATP detection, can be desorption ionization by electro- 
spraying [29], scanning by electrogenerative chemiluminescence (ECL) 
based bis(tripyridine)ruthenium (II) complex on a glassy carbon elec- 
trode [30] or the use of sensors based on graphite oxide and molybde- 
num disulfide, as described in more detail by Sun et al. [31]. 

Consequently, although methods for on-site detecting and identify- 
ing HMTD and other explosive peroxides are urgently needed, parallel 
efforts, focused on preventing or at least limiting the scope of the un- 
lawful manufacture of such compounds also need to be undertaken. In 
light of the latter, we wish to pose the question: is it possible to use 
other oxidising compounds in exchange for hydrogen peroxide to pro- 
duce peroxide explosives? What is the “resistance” of the synthesis re- 
action to changes in the proportion of reagents? The existing literature 
does not give any answer, although the oxidising agents used are listed 
as interfering agents in the detection of peroxide explosives. Therefore, 
in this manuscript we have endeavoured to answer these questions by 
attempting to synthesise hexamethylene triperoxide diamine (HMTD) 
[15,16] using SPB or SPC as a oxidising agents. 


2. Results 
2.1. Initial HMTD and TATP synthesis 


In our initial experiments we focused on preparing HMTD and TATP 
using sodium perborate (SPB) and sodium carbonate peroxyhydrate 
(SPC) and an acidifying agent, citric acid (CA). This medium allowed us 
to regulate the pH of the reaction mixture and encouraged the decom- 
position of the oxidising agents. The reagent ratios were chosen based 
on the mechanism for peroxide release from SPB (Fig. 4) and SPC and 
the mechanism (Fig. 5), by which hexamethylenetetramine (HMT) is 
transformed into HMTD and acetone into TATP respectively. 

To elaborate, based on the above mechanisms, in the most funda- 
mental approach, the hydrolysis of each mole of SPB yields two moles 
of peroxide anions, whereas the hydrolysis of one mole of SPC yields 1.5 
moles of peroxide anions; both SPB and SPC require two moles of hy- 
drogen cations per mole to maintain a neutral environment. The source 
of those hydrogen cations is citric acid, one mole of which can produce 
three moles of hydrogen cations. Simultaneously, the transformation of 
each mole of HMT or acetone into HMTD or TATP requires three moles 
of peroxide anions. Based on the above, we believe that the overall re- 
actions for producing HMTD and TATP should be as follows (Fig. 6). 

HPLC analyses of the produced HMTD (Fig. 7) have shown that the 
primary constituent of the sample is indeed HMTD (based on peak area 
comparison), there are other compounds present in the sample. Based 
on the observed 'H NMR and IR spectra, these contaminants are struc- 
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Fig. 4. Mechanism of hydrogen peroxide re- 
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turally similar to HMTD rather than being traces of utilised reagents. Table 3 
As such, it is likely that the produced HMTD contains a trace amount Variation in reagent concentrations used for the investigation 
of reaction intermediates, such as TMDD (Fig. 5) or possibly products of their effect on HMTD and TATP yield. 


of HMTD decomposition. This is supported by the fact that they are Reagent Concentration range (mol/dm?) 
readily separated from HMTD in subsequent HPLC cycling, indicating a , 

bea f F Hexamethylenetetramine 0.5 - 2.0 
limited difference in the flow through the HPLC system between them A 

cetone 0.5 - 2.0 
and HMTD. Sodium perborate (SPB) 0.25-3.0 
Sodium percarbonate (SPC) 0.5-8.0 

2.2. Investigation of the effect of reagent ratios on peroxide explosives yield Citric acid (CA) 0.25-12.0 


In light of HMTD and TATP being successfully synthesised for the 


initial reagent concentrations, we have investigated the effect on alter- 
ing them and their individual ratios on the yield of the reaction. The CA in relation to SPB/SPC. Nevertheless, when investigating the robust- 


employed variations in reagent concentrations are detailed in Table 3. ness of the synthetic procedure, our goal was also to simulate deviations 

It can be readily hypothesised what alterations to the reagent con- from the optimal ratios, which would be expected to occur in improvised 
centration ratios will promote increased yields, e.g. excess of SPB/SPC conditions, due to e.g. lack of ability to precisely measure or ascertain 
in relation to HMT / acetone and a roughly stoichiometric amount of the amounts of used reagents. As such, “imperfect” experiments were 
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Intensity (A.U.) 


Time (min) 


Fig. 7. Sample HPLC chromatogram of the produced HMTD. 


also carried out, employing e.g. an excess of HMT/acetone or CA in re- 
lation to an excess of oxidising agent used. The results of our syntheses 
of HMT and acetone peroxide using SPB and SPC are presented in the 
following Figs. 8, 9, 10, 11 divided into panels by reagent concentra- 
tion, with a complete listing of all relevant syntheses being provided in 
the Supplementary Information, Tables S.1-S.8. 


2.3. IR and 1H NMR spectroscopic investigation 


2.3.1. Hexamethylene triperoxide diamine 

Representative IR (for HMTD samples) and 'H NMR spectra of the 
precipitates obtained using SPB and SPC are presented in Fig. 12. Re- 
gardless whether SPB or SPC is employed, HMTD is obtained. No signals 
originating from borates or carbonates used during the synthesis are ob- 
served in any of the spectra, indicating that they were removed during 
purification and resulting in a relatively pure product. 

In the IR spectra, the doublet band at 2966 cm! and 2920 cm! was 
assigned to CH, stretching. Amine vibration signals of N-C are present at 
1052 cm'!. The tertiary amine stretching vibration (v N-C) signal appear 
in the range of 1360-1310 cm". The characteristic intensity pattern cor- 
responding to peroxide bands is found between 950 cm‘! and 750 cm’. 
The signal at 777 cm! is assigned to symmetric vibration, whereas the 
asymmetric (v O-O) stretches occurred at 870 cm? and 945 cm?. 

In all 1H NMR spectra, a characteristic signal, originating from pro- 
tons (doublet of doublets) of HMTD is visible at 6 4.82 - 4.64 ppm J; 
= 4.73 Hz and J, = 40.2 Hz. The signal originating from the protons 
of water is found at 6 3.35 ppm, where HMTD to water molar ratio 
for HMTD-SPC-27 is 1 to 1 and for HMTD-SPB-32 is 1 to 2. The signals 
recorded for HMTD closely match the signals reported in literature [32]. 

In some cases, particularly when limited yields were achieved, the 
physical form of the product slightly differed from that of the typi- 
cal synthesis product, appearing more clumped rather than powdery. 
To exemplify, in the case of IR spectra of samples HMTD-SPB-14 and 
HMTD-SPC-22 (Fig. $1), two intense bands are observed at 3500 cm’! 
(O-H stretching) and at 1718 cm‘! (O-H-O scissors-bending). Based on 
the 'H NMR spectrum, the HMTD to water molar ratio is 1 to 3.5 for 
HMTD-SPC-22 and 1 to 4.5 for HMTD-SPB-14. The difference in mo- 
lar ratios, in regards to the previously discussed samples HMTD-SPB-32 
and HMTD-SPC-27, is probably caused that in samples HMTD-SPC-22 
and HMTD-SPB-14 water was retained after purification. 

It is worth noting that in the case of some syntheses, in which high 
reagent concentrations were used, and particularly those, in which high 
amounts of CA were used, it was impossible to fully purify the product 
and did not arrive at any morphology similar to HMTD, despite repeated 
rinsing. Even though a reliable yield cannot always be calculated, spec- 
tral investigations showed that HMTD was still the major constituent 
of the sample. To exemplify, for sample HMTD-SPC-30 (Fig. S2), we 
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obtained a product contaminated by acetone, whose 'H NMR signal 
was found at 6 2.09 ppm, and whose IR spectra signal was observed at 
1714 cm". In the case of the gel-like product, contamination with citric 
acid was confirmed and is likely the cause for this form of the product 
(HMTD-SPC-28). The relevant 1H NMR signal was a small broad signal 
at 11.79 ppm, whereas in the IR spectrum, absorption bands charac- 
teristic for citric acid were found around 3481 cm! (O-H stretching), 
at 1718 cm! (C=O stretching), at 1109 cm (C-OH stretching), and 
at 830 cm! (CH, rocking). Even despite such unusual form and par- 
tial contamination, controlled burning of such samples resulted in them 
giving the sharp report, characteristic for HMTD deflagration, virtually 
identical to that of the non-contaminated HMTD samples. 


2.3.2. Acetone peroxide trimer 

Infrared spectroscopy, did not allow for precise determination of 
chemical structure of the acetone peroxide trimer. Therefore, 'H NMR 
analyses of the samples were performed instead, Qi et al. [33] presented 
that TATP on the 'H NMR spectrum using CDClu, is visible as a singlet 
at 6 = 1.46 ppm. Haroune et al. [17] have demonstrated that depending 
on the conformer formed, TATP signals can occur at different shifts. The 
most robust “1-D,” conformer, and also the most common, is seen using 
methanol as the sample solvent at 6 = 3.49 ppm. In all 'H NMR spectra, 
a characteristic signal, originating from protons (singlet) TATP is visi- 
ble at 6=1.25 ppm. The signal originating from the protons of water is 
found at 6=1.56 ppm. The signals recorded for TATP trimer match the 
signals reported in literature [17]. 


3. Discussion 


The initial experiments unequivocally indicate that both SPB and 
SPC used are valid alternatives to hydrogen peroxide in the synthe- 
sis of HMTD and TATP and should, therefore, be treated as explosives 
precursors. Consequently, we recommend for increased security mea- 
sures, when producing, handling or storing these chemicals, to be im- 
plemented. The results obtained for syntheses with varied reagent con- 
centration ratios support our initial hypothesis that as long as a ratio 
of slightly above 2 moles of CA per mole of either SPB or SPC is main- 
tained, high HMTD and TATP yields will be obtained, particularly when 
employing an excess of one of the oxidising agents in relation to HMT 
or acetone. When we deviated from these guidelines, the reaction yield 
was noticeably lowered. Alarmingly, unless the deviation in reagent con- 
centrations was quite extreme and beyond what could be attributed to 
errors caused by improvised conditions, it was still possible to obtain sig- 
nificant amounts of pure peroxide explosives. Moreover, in the case of 
acetone peroxide trimer syntheses, the conformation obtained depends 
on the acid used during synthesis and also the solvent used for recrystal- 
lization. Consequently, we believe that it is feasible not only to conduct 
this synthesis in improvised conditions, but also to upscale it, posing a 
significant threat of unlawful use. 


4. Conclusions 


Organic peroxides are traditionally synthesised using concentrated 
(50 wt. %) aqueous hydrogen peroxide as the oxidising agent [8,13,34], 
resulting in yields on the order of 50-55% and 60-65% for HMTD and 
TATP respectively. We have demonstrated that comparable and even 
higher yields, particularly in the case of HMTD, can be achieved with the 
use of SPB and SPC without compromising the purity of the produced 
peroxides, even when deviating to some extent from optimal reagent 
concentration ratios. 

The viability of replacing concentrated (>50 wt. %) hydrogen per- 
oxide, which is an explosives precursor according to e.g. the EU Reg- 
ulation 2019/1148, with either SPB or SPC in the synthesis of organic 
peroxides and the “resilience” of this procedure to sub-optimal choice of 
reagent concentrations are certainly favourable for research purposes. 
These features should, however, also be viewed as a potential security 
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Fig. 12. 1H NMR (a, b) and IR (c) spectra of HMTD synthesised using HMTD-SPB-32 (a) and HMTD-SPC-27 (b). 


breach, as unlawful parties may utilise these unregulated and widely 
commercially-available substances to produce improvised explosives. 
Consequently, it may be justified to further amend regulations related 
to explosives precursors and recognise both SPB and SPC as such sub- 
stances. 


5. Methods 
5.1. Chemicals 


Sodium perborate tetrahydrate (SPB) (> 97%, Alfa Aesar), Sodium 
carbonate peroxohydrate (SPC) (> 95%, Alfa Aesar), hexamethylenete- 
tramine (HMT) (> 99%, Chempur), Acetone (> 99%, Chempur), Hydro- 
gen peroxide (30%) and commercially available, Food-grade citric acid 
monohydrate (> 99.9%) were used as received. Deionised water (grade 
1) and methanol (> 99.8%, Chempur) were used as received. 

Sodium perborate tetrahydrate and sodium percarbonate were used 
as oxidising agents, which were alternative to hydrogen peroxide. Since 
both salts are solid at room temperature, they were used in conjunction 
with water, either as slurries or as solutions (depending on the oxidising 
agent to water ratio for a particular reaction). 


5.2. Synthesis and purification 


Due to safety considerations, the scale of the syntheses was chosen 
so that at 100% yield at most 500 mg of hexamethylene triperoxide 
diamine (HMTD) and 500 mg of acetone peroxide trimer respectively, 
for each sample. Hexamethylene triperoxide diamine was prepared by 
adding the weighed amount of the oxidising agent (SPB or SPC) to a 
beaker (25 ml) that was placed in an ice bath (a temperature of 0 °C 
was maintained throughout the first stage of the reaction). Next, hex- 
amethylenetetramine (HMT) was added and stirred for five minutes, 
using a magnetic stirrer. In order to dissolve the reagents, after cooling 
to 0 °C, an appropriate amount of water was introduced. After that, cit- 
ric acid was gradually added in small portions to the beakers. Stirring 
was maintained for about one hour, until all the reagents dissolved and 
a transparent solution was obtained. The beaker was left to sit in the 
ice bath for three hours, continuing the reaction. In the next phase, the 
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beaker was transferred to a darkened chamber, which was maintained 
at room temperature (20 °C), allowing the reaction mixture to warm 
up slowly. The samples were kept in this chamber for seven days, after 
which they were taken out and then the white precipitate was filtered 
off and rinsed: first three times with cold deionised water and then two 
times with acetone. 

The obtained samples were again placed in the chamber overnight to 
allow excess moisture to evaporate. After this, the samples were weighed 
to calculate the initial yields and the yield values were corrected for the 
presence of water based on recorded 'H NMR spectra. 

TATP synthesis was carried out ina manner analogous to HMTD syn- 
thesis, however, acetone was used instead of HMT. In the filtration pro- 
cess, the resulting precipitate was washed three times with cold deion- 
ized water. The resulting filtrate was discarded and then the precipitate 
was washed two times with methanol. The further procedure was fol- 
lowed in the same pattern as for HMTD. 


5.3. Instrumental analyses 


IR spectroscopy was carried out on a Perkin-Elmer Spectrum Two 
(Waltham, MA, USA) spectrometer, equipped with a universal attenu- 
ated total reflectance (UATR) (Single Reflection Diamond) module. 

The chemical structure of the product was confirmed by proton 
nuclear magnetic resonance (1H-NMR) spectroscopy. NMR analyses of 
HMTD were performed for deuterated dimethyl] sulfoxide (DMSO) solu- 
tions on a Varian Unity Inova (USA) spectrometer (resonance frequency 
of 300 MHz), using tetramethylsilane (TMS) as an internal standard. For 
TATP analyses, deuterated chloroform (CDCl) solutions were used. 

For HPLC analyses JAI LaboACE LC-7080, equipped with a diode 
array detector was employed, using chloroform (CHCl;) as the moving 
phase and JAIGEL-HR-2 column as the stationary phase. 
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